Inhibitory Smad, Smad7, is a potent inhibitor of TGF-β (transforming growth factor-β) superfamily signalling. By binding to activated type I receptors, it prevents the activation of R-Smads (receptor-regulated Smads). To identify new components of the Smad pathway, we performed yeast two-hybrid screening using Smad7 as bait, and identified NEDD4-2 (neural precursor cell expressed, developmentally down-regulated 4-2) as a direct binding partner of Smad7. NEDD4-2 is structurally similar to Smurfs (Smad ubiquitin regulatory factors) 1 and 2, which were identified previously as E3 ubiquitin ligases for R-Smads and TGF-β superfamily receptors. NEDD4-2 functions like Smurfs 1 and 2 in that it associates with TGF-β type I receptor via Smad7, and induces its ubiquitin-dependent degradation. Moreover, NEDD4-2 bound to TGF-β-specific R-Smads, Smads 2 and 3, in a ligand-dependent manner, and induced degradation of Smad2, but not Smad3. However, in contrast with Smurf2, NEDD4-2 failed to induce ubiquitination of SnoN (Ski-related novel protein N), although NEDD4-2 bound to SnoN via Smad2 more strongly than Smurf2. We showed further that overexpressed NEDD4-2 prevents transcriptional activity induced by TGF-β and BMP, whereas silencing of the NEDD4-2 gene by siRNA (small interfering RNA) resulted in enhancement of the responsiveness to TGF-β superfamily cytokines. These data suggest that NEDD4-2 is a member of the Smurf-like C2-WW-HECT (WW is Trp-Trp and HECT is homologous to the E6-accessory protein) type E3 ubiquitin ligases, which negatively regulate TGF-β superfamily signalling through similar, but not identical, mechanisms to those used by Smurfs.
INTRODUCTION
Members of the TGF-β (transforming growth factor-β) superfamily cytokines, including TGF-β, activin, nodal, BMPs (bone morphogenetic proteins) and anti-Müllerian hormone, are multifunctional proteins that regulate cellular growth, differentiation, apoptosis and morphogenesis [1] . TGF-β superfamily cytokines bind to type I and type II serine/threonine kinase receptors, and transduce intracellular signals through Smad proteins [2] [3] [4] [5] . R-Smads (receptor-regulated Smads) and Co-Smads (commonpartner Smads) positively regulate signalling by the TGF-β superfamily. Upon phosphorylation by the type I receptors, R-Smads form heteromeric complexes with Co-Smad, Smad4, and translocate into the nucleus. In the nucleus, Smad complexes bind to transcriptional factor(s), as well as transcriptional co-activators and co-repressors, and regulate transcription of target genes. Among the R-Smads, Smad2 and Smad3 act in TGF-β, activin and nodal pathways, whereas Smad1, Smad5 and Smad8 act in BMP and anti-Müllerian hormone pathways. I-Smads (inhibitory Smads), including Smad6 and Smad7, bind to type I receptors and prevent phosphorylation of R-Smads, resulting in the inhibition of TGF-β superfamily signalling [6, 7] .
Ubiquitin-dependent protein degradation plays key roles in various biological processes, including signal transduction, cellcycle progression and transcriptional regulation [8, 9] . An E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases induce ubiquitination of proteins. E3 ligases play a crucial role in recognition of target proteins and in the subsequent protein degradation by 26 S proteasomes [10] . Of the E3 ubiquitin ligases, the RING (really interesting new gene)-type and HECT (homologous to the E6-accessory protein C-terminus)-type ligases are among the best characterized.
Ubiquitin-proteasome pathways play a pivotal role in the regulation of TGF-β superfamily signalling. A RING-type E3 ubiquitin ligase ROC1-SCF (regulator of Cullins 1-Skp1/Cullin1/Fbox protein) complex was shown to degrade activated Smad3 and Smad4 [11, 12] . Smurf (Smad ubiquitin regulatory factor) 1 was originally identified as a HECT-type E3 ubiquitin ligase for BMPspecific R-Smads, Smads 1 and 5 [13] . Smurf2, a Smurf1-related E3 ubiquitin ligase, interacts with Smad1, as well as Smad2, and induces their ubiquitin-mediated degradation [14, 15] . In addition, Smurfs 1 and 2 interact with nuclear Smad7 and induce translocation of Smad7 to the cytoplasm in a CRM-1 (chromosome region maintenance 1)-dependent fashion [16] [17] [18] . The Smurf1-Smad7 complex is then targeted to the cell membrane through the N-terminal C2 domain in Smurf1, and associates with TβR-I (TGF-β type I receptor) [19] . After binding to TβR-I, Smurfs 1 and 2 induce ubiquitin-mediated degradation of TβR-I. In addition, Jab1/CSN5, which is a component of the COP9 (constitutively photomorphogenic 9) signalosome complex, has been reported to associate with Smad7, and induce nuclear export and degradation of Smad7 [20] . In contrast, some ubiquitin ligases have been reported to degrade negative regulators of the TGF-β/ BMP pathway, and enhance signalling by members of the TGF-β superfamily. Smurf2 binds to Smad co-repressor SnoN (Skirelated novel protein N) via Smad2, and degrades SnoN, followed by enhancement of the TGF-β signal under certain conditions [21] . Recently, we showed that a RING-type E3 ubiquitin ligase, Arkadia, binds to and degrades Smad7, leading to enhancement of TGF-β/BMP signalling [22] .
NEDD4-2 (neural precursor cell expressed, developmentally down-regulated 4-2) and a structurally related protein, NEDD4, have been shown to interact with the epithelial sodium channel, and to down-regulate its activity via the ubiquitin-proteasome pathway [23] [24] [25] [26] [27] [28] [29] [30] [31] . In the present study, we identified NEDD4-2 as a novel binding partner of Smad7, and examined the function of NEDD4-2 in TGF-β superfamily signalling. We showed that NEDD4-2 interacts with TβR-I via Smad7 and induces receptor degradation. Moreover, NEDD4-2 interacts with Smad2 and enhances its ubiquitin-mediated degradation. TGF-β-and BMPinduced transcriptional activities are inhibited by overexpression of NEDD4-2 and are enhanced by knock down of the NEDD4-2 gene. Functional differences between NEDD4-2 and Smurfs will be discussed.
MATERIALS AND METHODS

Yeast two-hybrid screening
To construct a bait plasmid, full-length mouse Smad7 cDNA was inserted in-frame into pGBKT7 GAL4 DNA-binding vector. This construct was transformed into the yeast strain AH109 and was used to screen a pre-transformed HeLa cDNA library in the pGAD vector (Clontech) on SD−L−W−A (synthetic defined medium, deficient in leucine, tryptophan and adenine). Positive colonies were picked after 6-13 days and re-selected on SD−L−W−A−H (synthetic defined medium deficient in leucine, tryptophan, histidine and adenine). Library plasmids were rescued from the yeast and sequenced.
DNA construction and transfection
The original constructions of constitutively active forms of TGF-β type I and BMP type IB receptors [TβR-I(TD) and BMPR-IB-(QD) respectively], Smad1, Smad2, Smad3, Smad4, Smad5, Smad8 and NEDD4 were described previously [19, 32] . The open reading frame of NEDD4-2 was generated by a PCRbased approach from a cDNA clone of KIAA0439 (Kazusa DNA Research Institute, Chiba, Japan) as a template, and subcloned into EcoRI/XhoI-digested FLAG-pcDNA3 [32] . The catalytically inactive form of NEDD4-2 [NEDD4-2(CA)], in which Cys 894 was replaced with alanine, was generated by a PCR-based approach. The cDNA for Smurf2 was kindly provided by Dr X.-H. Feng (Departments of Surgery and Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, U.S.A.) [14] . COS7 cells, HEK-293 cells, HEK-293T cells and HepG2 cells were transiently transfected using FuGENE6 (Roche Applied Science) or LIPOFECTAMINE 2000 reagent (Invitrogen) as described previously [22] .
Immunofluorescence labelling
Immunohistochemical staining of FLAG-NEDD4-2, FLAG-NEDD4, FLAG-Smurf2 or FLAG-Smad7 in transfected cells was performed using mouse anti-FLAG antibody, followed by incubation with FITC-labelled goat anti-mouse IgG as described previously [17] . For double-staining of Smad7 and E3 ubiquitin ligases, immunohistochemical staining of FLAG-Smad7 and 6Myc-E3 ligases was performed using mouse anti-FLAG or rabbit anti-Myc antibody, followed by incubation with FITClabelled goat anti-mouse IgG or RITC (rhodamine isothiocyanate)-labelled goat anti-rabbit IgG respectively. Cell nuclei were stained with propidium iodide. Intracellular localization was determined by confocal laser scanning microscopy.
Immunoprecipitation and Immunoblotting
Cells were lysed with Nonidet P-40 lysis buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl and 1 % Nonidet P-40). Immunoprecipitation and immunoblotting were performed as described previously [33] . For inhibition of proteasomal degradation, cells were incubated with 10 µM lactacystin (Calbiochem) for 6 h just before cell lysis, unless otherwise indicated.
Affinity cross-linking and immunoprecipitation
Recombinant TGF-β1 (R&D Systems) was iodinated using the chloramine T method as described previously [34] . The immunoprecipitation of the cross-linked complex and analysis by SDS/ PAGE were performed as described previously [33] .
Pulse-chase analysis
Transfected COS7 cells were labelled for 10 min at 37
• C with 50 µCi of [
35 S]methionine and [ 35 S]cysteine (Amersham Biosciences)/ml in methionine-and cysteine-free DMEM (Dulbecco's modified Eagle's medium), and chased in DMEM supplemented with 0.2 % (v/v) foetal bovine serum, and unlabelled methionine and cysteine for the time periods indicated, as described previously [17] . Cells were then lysed, and the protein extracts were subjected to immunoprecipitation, followed by SDS/PAGE. The gels were fixed, dried, and then examined using a Fuji BAS 2500 Bio-Imaging Analyzer (Fuji Photo Film).
Luciferase assay
HepG2 cells, HEK-293 cells and HeLa cells were transiently transfected with an appropriate combination of reporter constructs, expression plasmids and pcDNA3. At 24 h after transfection, cell lysates were prepared, and luciferase activity was measured by the Dual-Luciferase Reporter System (Promega) as described previously [7] . Values were normalized to Renilla luciferase activity.
RNA interference and oligonucleotides
siRNAs (small interfering RNAs) were introduced into cells as described previously [22] . The following 21-mer oligonucleotide pairs were used for RNA interference: NEDD4-2 siRNA from nucleotides 727-747 (GenBank ® accession number AB007899), and NEDD4(CA). COS7 cells were transfected with 6Myc-tagged Smad7 and FLAG-tagged E3 ligases, and lysates from cells were subjected to immunoprecipitation (IP) with anti-FLAG antibody, followed by anti-Myc immunoblotting (Blot). The top panel shows the interaction, and the bottom two panels show the expression of each protein, as indicated. Experiments were repeated three times with essentially the same results.
5 -AAGUGGACAAUUUAGGCCGAA-3 and 5 -UUCGGCCU-AAAUUGUCCACUU-3 ; and a control siRNA from Euglena gracilis chloroplast DNA between s16 S and 16 S rRNA (GenBank ® accession number X05005), 5 -AAGCGCGCAAAGUAG-GAUUCG-3 and 5 -CGAAUCCUACUUUGCGCGCUU-3 .
Real-time PCR
Quantitative real-time PCR analysis was performed using ABI PRISM 7000 Sequence Detection System (Applied Biosystems). The cDNA templates from human tissues were purchased from BD Biosciences (Human MTC Panel I/II), and those from human carcinoma cell lines were described previously [35] . The primer sequences used were as follows: human NEDD4-2, 5 -TCCAAT-GGTCCTCAGCTGTTTA-3 (forward) and 5 -ATTTTCCACG-GCCATGAGA-3 (reverse); human Smurf2, 5 -GGCAGAACC-AATTGAAAGACCA-3 (forward) and 5 -GTTTCTGAACAAG-GTCTCGCTT-3 (reverse), and human GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5 -GAAGGTGAAGGTCG-GAGTC-3 (forward) and 5 -GAAGATGGTGATGGGATTTC-3 (reverse).
RESULTS
NEDD4-2 interacts with Smads 2, 3, 6 and 7
To identify proteins that play a crucial role in TGF-β superfamily signalling, we performed a yeast two-hybrid screening of a HeLa cDNA library using full-length Smad7 as bait. In total, we isolated 209 positive clones from 2.9 × 10 7 transformants. Among the positive clones, we have identified four NEDD4-2-encoding clones which lack the N-terminal 395 amino acids [NEDD4-2(del)] ( Figure 1A ). NEDD4-2 has four WW (Trp-Trp) domains that interact with the PY (Pro-Tyr) motif.
Because most Smads, with the exception of Smads 4 and 8, have a PY motif in their linker regions, we examined the interaction of NEDD4-2 with other Smads in transfected COS7 cells. The mutant NEDD4-2(CA), in which Cys 894 was replaced by alanine, resulting in lack of E3 ubiquitin ligase activity, was used for this study. NEDD4-2(CA) effectively interacted with Smad6 and Smad7 ( Figure 1B) . Moreover, NEDD4-2(CA) strongly associated with Smads 2 and 3 in the presence of TβR-I(TD). However, NEDD4-2(CA) associated with Smads 1 and 5 less effectively than with Smads 2 and 3, even in the presence of (A) Subcellular localization of wild-type (WT) Smurf2, NEDD4-2 and NEDD4 was investigated in transfected cells. HepG2 cells were transiently transfected with FLAG-tagged Smurf2, NEDD4-2 and NEDD4. Cells were fixed and stained as described in the Materials and methods section. Staining for FLAG-tagged proteins (FITC, green) and nuclear staining by propidium iodide (PI, red) was performed. (B-D) NEDD4-2(CA) recruits Smad7 from nucleus to cytoplasm. Subcellular localization of Smad7 in the presence or absence of NEDD4-2(CA) or Smurf2(CA) was analysed. In (B), HepG2 cells were transfected with FLAG-Smad7 or FLAG-Smad7( PY) alone (top two panels), or together with 6Myc-Smurf2(CA) or 6Myc-NEDD4-2(CA) (bottom four panels). Staining for Smad7(WT) or Smad7( PY) (FITC, green), and nuclear staining by propidium iodide (PI, red) was performed. In (C), HepG2 cells were transiently transfected with various plasmids, as indicated. Anti-FLAG staining for Smad7 or Smad7( PY) (FITC, green), and anti-Myc staining for Smurf2(CA) or NEDD4-2(CA) [RITC (rhodamine isothiocyanate), red] was performed. (D) The distribution of Smad7 or Smad7( PY) in transfected cells was scored as nucleus (black bar), nucleus and cytoplasm (grey bar), or cytoplasm (white bar). More than 300 cells were counted per experiment. Experiments were repeated three times with essentially the same results.
BMPR-IB(QD). NEDD4-2(CA) did not associate with Smad4 or Smad8, since Smad4 and Smad8 do not have the PY motif (results not shown).
We next analysed the interaction of NEDD4 with Smads. A NEDD4 ligase-inactive mutant, NEDD4(CA), failed to interact with any of the Smads examined ( Figure 1C ). When we compared the binding of NEDD4-2 to Smad7 with that of Smurf2 or NEDD4, NEDD4-2(CA), but not NEDD4(CA), was found to associate with Smad7 as strongly as Smurf2(CA) ( Figure 1D ).
NEDD4-2 induces translocation of Smad7 from the nucleus to the cytoplasm
We next examined the effect of NEDD4-2 on the subcellular localization of Smad7 using immunohistochemical staining. When transfected alone into HepG2 cells, Smurf2 was mainly detected in the cytoplasm, but also gave weak staining in the nucleus.
NEDD4 and NEDD4-2 localized predominantly in the cytoplasm (Figure 2A ). In contrast, Smad7 and Smad7( PY), which lacks the PY motif and fails to bind to Smurf2 or NEDD4-2 (results not shown), mainly localized in the nucleus of HepG2 cells (Figures 2B , rows 1 and 2, and 2D, i and ii). However, Smad7 was found to be located mainly in the cytoplasm in the presence of NEDD4-2(CA), like Smurf2(CA) (Figures 2B, rows 3 and 5, and 2D, iii and v) [16] . Consistent with this result was the observation that Smurf2(CA) and NEDD4-2(CA) co-localized with Smad7 in the cytoplasm ( Figure 2C, rows 1 and 3) . Moreover, Smurf2(CA) and NEDD4-2(CA) did not affect the subcellular localization of Smad7( PY) (Figures 2B, rows 4 and 6, 2C, rows 2 and 4, and 2D, iv and vi), since Smurf2(CA) and NEDD4-2(CA) failed to interact with Smad7( PY). Similar results were obtained in COS7 and HEK-293T cells (results not shown). These results suggest that NEDD4-2 induces translocation of Smad7 from the nucleus to the cytoplasm. ]cysteine, and then chased for the indicated periods in medium containing unlabelled methionine and cysteine. Immunoprecipitation with anti-FLAG antibody was performed using total cell lysates. Immune complexes were subjected to SDS/PAGE and analysis using a Fuji BAS 2500 Bio-imaging Analyzer. Asterisks indicate immature forms of TβR-I(TD)-FLAG. 35 S-labelled TβR-I(TD)-FLAG is quantified and plotted at each time point as the percentage of amount present at zero time. Experiments were repeated three times with essentially the same results. (D) Smad7 enhances degradation of TβR-I(TD) by NEDD4-2. COS7 cells were transfected with 6Myc-NEDD4-2(WT), 6Myc-Smad7, or both. Pulse-chase analysis was performed as in (C). Asterisks indicate immature forms of TβR-I(TD)-FLAG. Experiments were repeated twice with essentially the same results.
NEDD4-2 binds to TβR-I and induces its ubiquitin-mediated degradation
Previous studies have shown that Smurfs 1 and 2 interact with TβR-I via Smad7, and induce ubiquitin-mediated degradation of the receptor [16, 17] . To investigate whether NEDD4-2 also binds to and degrades TβR-I, we first performed an affinity crosslinking assay in transfected COS7 cells. [
125 I]TGF-β cross-linked receptor complexes were not co-precipitated with NEDD4-2(CA) in the absence of Smad7 (results not shown). However, in the presence of Smad7, they were co-precipitated with NEDD4-2(CA), and weakly with NEDD4-2(WT) ( Figure 3A) . The binding of NEDD4-2(CA) to TβR-I was less efficient than that of Smurf2-(CA). Next, we tested ubiquitination of TβR-I by the Smad7-NEDD4-2 complex. Ubiquitination of TβR-I(TD) was induced by NEDD4-2(WT), but not by NEDD4-2(CA), and this was enhanced by the presence of Smad7 ( Figure 3B ). In Figure 3(C) , we show analysis of the degradation of TβR-I(TD) by the Smad7-NEDD4-2 complex using pulse-chase analysis. FLAG-tagged TβR-I(TD) proteins were observed as two differentially migrating bands. Because membrane receptors are post-translationally modified by the addition of N-linked oligosaccharides, the slowly migrating bands most likely represent a mature form of TβR-I-(TD), whereas the rapidly migrating bands (asterisks in Figures 3C  and 3D ) represent its immature form. In the presence of Smad7, NEDD4-2(WT), but not NEDD4-2(CA), induced degradation of TβR-I(TD) ( Figure 3C ). We also examined the effect of Smad7 on turnover of TβR-I(TD) by NEDD4-2(WT). Smad7 alone did not accelerate degradation of TβR-I(TD); however, Smad7 enhanced degradation of TβR-I(TD) by NEDD4-2 ( Figure 3D ). These data suggest that NEDD4-2 interacts with TβR-I via Smad7, and induces ubiquitination and degradation of the receptor.
NEDD4-2 induces ubiquitination and degradation of Smad2
Since NEDD4-2 associates not only with I-Smads, but also with TGF-β-activated Smads 2 and 3 ( Figure 1B) , and since Smurf2 Immunoprecipitation with anti-FLAG antibody was performed using total cell lysates. Immune complexes were subjected to SDS/PAGE and analysis using a Fuji BAS 2500 Bio-imaging Analyzer. 35 S-labelled FLAG-Smad2 is quantified and plotted at each time point as the percentage of amount present at zero time. Experiments were repeated three times with essentially the same results. (C) NEDD4-2 only slightly induces ubiquitination of Smad3. HEK-293T cells were transfected with the plasmids indicated and treated with 10 µM lactacystin for 6 h before cell lysis. Lysates from cells were subjected to immunoprecipitation (IP) with anti-FLAG antibody followed by Myc-immunoblotting (Blot). Ub, ubiquitin. The top panel shows ubiquitination of Smad3, and the bottom three panels show the expression of each protein as indicated. Experiments were repeated twice with essentially the same results. acts as an E3 ligase for Smad2, we next examined the effect of NEDD4-2 on the degradation of Smads 2 and 3. We first examined the effect of NEDD4-2 on ubiquitination of Smad2 in transfected HEK-293T cells. In the presence of TβR-I(TD), NEDD4-2(WT), but not NEDD4-2(CA), strongly induced ubiquitination of Smad2 ( Figure 4A ). We next analysed degradation of Smad2 by NEDD4-2 using a pulse-chase assay. NEDD4-2, but not NEDD4-2(CA), induced degradation of Smad2 in the presence of TβR-I(TD) (Figure 4B) . Approx. 50 % of the Smad2 protein was degraded after 6 h. These results suggest that NEDD4-2 associates with Smad2 in a TGF-β signal-dependent fashion, and induces ubiquitination and degradation of Smad2.
We also tested the effect of NEDD4-2 on ubiquitination of Smad3. When Smad3 was expressed together with ubiquitin and TβR-I(TD) in HEK-293T cells, ubiquitinated Smad3 was detected even in the absence of NEDD4-2, but NEDD4-2 only slightly enhanced ubiquitination of Smad3 ( Figure 4C ). These results suggested that NEDD4-2 acts as an E3 ligase for Smad2, but not as an efficient ligase for Smad3, although NEDD4-2 interacts with both Smad2 and Smad3.
NEDD4-2 fails to induce ubiquitination of SnoN
Previous study has shown that Smurf2 associates with SnoN via Smad2 and induces ubiquitin-mediated degradation of SnoN [21] . We therefore investigated whether NEDD4-2 acts as an E3 ligase for SnoN. We first tested interaction of NEDD4-2 with SnoN via Smad2. NEDD4-2(CA) bound to SnoN in the presence of Smad2, and the interaction was enhanced in the presence of TβR-I(TD) ( Figure 5A ). It is important to note that NEDD4-2(CA) interacted with SnoN much more strongly than Smurf2(CA) did. We next examined whether NEDD4-2 induces ubiquitination of SnoN. Smurf2 strongly induced ubiquitination of SnoN, whereas NEDD4-2 failed to do so ( Figure 5B ). These results suggest that, in contrast with Smurf2, NEDD4-2 does not affect the degradation of SnoN, whereas the interaction of NEDD4-2 with SnoN is stronger than that of Smurf2; however, the possibility that the use of various cell lines might contribute to this apparent discrepancy cannot be excluded.
NEDD4-2 inhibits transcriptional activity induced by both TGF-β and BMP
To examine the function of NEDD4-2 in TGF-β superfamily signalling, we performed reporter assays using a TGF-β-responsive reporter construct, 9 × CAGA-lux, and a BMP-responsive reporter construct, 3GC2-lux, in transfected HepG2 cells. As shown in Figure 4 , NEDD4-2 causes ubiquitin-dependent degradation of Smad2, but not that of Smad3. We thus focused the effect of NEDD4-2 on Smad2-dependent transcription. NEDD4-2(WT) inhibited transcriptional activity induced by TβR-I(TD) and Smad2 in a dose-dependent manner ( Figure 6A ). Moreover, it inhibited transcriptional activity induced by BMPR-IB(QD) and Smad5 ( Figure 6B ) as well. NEDD4-2(WT) also repressed transcriptional activity induced by TGF-β and BMP7 ( Figures 6C and  6D ) in 293 cells. Similar results were obtained using HepG2 cells and HeLa cells.
We next knocked-down the expression of endogenous NEDD4-2 protein by siRNAs. NEDD4-2 siRNA decreased expression levels of NEDD4-2 protein in transfected HEK-293 cells (Figure 7A) . Interestingly, silencing of the NEDD4-2 gene resulted in enhancement of the transcriptional activity induced by TGF-β ( Figure 7B ) and BMP7 ( Figure 7C ) in HepG2 cells. These results suggest that endogenous NEDD4-2 in mammalian cells plays a role in repression of signalling by TGF-β superfamily cytokines.
Expression of NEDD4-2 mRNA in human tissues and human carcinoma cell lines
We determined the expression levels of NEDD4-2 mRNA in various human tissues, and compared them with those of Smurf2 (Figure 8A) . Among the tissues analysed, the expression of NEDD4-2 and Smurf2 showed similar levels in eight cases out of 16. On the other hand, high expression of NEDD4-2 was observed in kidney and pancreas, and the highest expression in prostate. In (B and C) Enhancement of transcriptional activity induced by TGF-β (B) or BMP7 (C) in the presence of siRNA for NEDD4-2. HepG2 cells were transfected with the control or NEDD4-2 siRNAs, and a TGF-β-responsive 9 × CAGA-lux (B) construct or a BRE-lux (BMP-responsive element-lux) construct (C) as indicated. Cells were treated with TGF-β (1 ng/ml) (B) or BMP7 (500 ng/ml) (C) for 24 h, and luciferase activities were measured. Experiments were repeated twice with essentially the same results.
contrast, high expression of Smurf2 mRNA was found in pancreas and testis. These results suggest that NEDD4-2 and Smurf2 are expressed in distinct patterns in some human tissues.
We also determined the expression levels of NEDD4-2 mRNA in human carcinoma cell lines ( Figure 8B ). NEDD4-2 expression was up-regulated in several human carcinoma cell lines including lung cancer cell lines, NCI-H 226 and NCI-H 522, colon cancer cell line, HT29, gastric cancer cell lines, MKN-1, MKN-7 and MKN-28, breast cancer cell line, MDA-MB-231, ovary cancer cell line, OVCAR-5, and melanoma cell line, LOX-IMVI. Among these cancer cell lines, HT29, MKN-1 and MKN-28 have been reported to acquire TGF-β-resistance [36] [37] [38] .
DISCUSSION
Recently, several reports have demonstrated that TGF-β superfamily signalling is regulated by HECT type E3 ubiquitin ligases [13] [14] [15] [16] [17] . Smurf1 induces ubiquitination and degradation of Smads 1 and 5, and of TβR-I and BMPR-Is through interacting I-Smads [13, 17, 39] . Smurf2 induces ubiquitin-mediated degradation of Smad1 and TβR-I; moreover, it has also been shown to induce degradation of Smad2 and SnoN [14] [15] [16] 21] .
In the present study, using yeast two-hybrid screening, we have identified NEDD4-2 as a new Smad7-binding partner that regulates TGF-β superfamily signalling. Like Smurfs, NEDD4-2 interacts with TβR-I through Smad7 and induces ubiquitindependent degradation of the receptor. In addition, NEDD4-2 interacts with Smad2 and induces its ubiquitin-meditated degradation. In contrast with Smurf2, however, NEDD4-2 failed to induce ubiquitination of transcriptional co-repressor SnoN, although it efficiently bound to SnoN via Smad2. Consistent with these results, NEDD4-2 prevented transcriptional activity of TGF-β signalling.
Like Smurfs, NEDD4-2 contains a C2 domain at the N-terminus, WW domains in the middle and a HECT domain at the C-terminus. NEDD4-2 interacts not only with Smad7, but also with other Smads, including Smads 2 and 3, since these Smad proteins have the PY motif that binds to the WW domain. Notably, although NEDD4-2 is most similar to NEDD4 of the mammalian HECT type E3 ligases (60 % identity) and both proteins have been reported to down-regulate the activity of epithelial sodium channel, NEDD4-2, but not NEDD4, affects TGF-β superfamily signalling. Moreover, although NEDD4-2 binds to both Smad2 and Smad3, which are structurally similar to each other (92 % identity), NEDD4-2 induces ubiquitin-dependent degradation of Smad2, but does not efficiently induce that of Smad3. We have reported previously that ROC1-SCF Fbw1a is the ubiquitin E3 ligase for Smad3 in TGF-β signalling [11] . Thus different types of E3 ubiquitin ligases, e.g. HECT-type E3 ligases and RING-type E3 ligases, might play distinct roles in TGF-β signalling.
Although the function of NEDD4-2 resembles that of Smurf2, there are some differences between them. In contrast with the efficient binding of Smurf2 to BMP-specific R-Smads, NEDD4-2 only weakly interacts with Smads 1 and 5, and does not affect their turnover (results not shown). However, NEDD4-2 represses BMP signalling, possibly through degradation of BMP type I receptors via I-Smads ( Figure 6B and D) .
SnoN is a transcriptional co-repressor that interacts with Smad2/3 and Smad4, and represses TGF-β signalling through recruitment of HDAC (histone deacetylase) to Smads [40] [41] [42] . Bonni et al. [21] have reported that Smurf2 associates with SnoN via Smad2, and induces ubiquitin-mediated degradation of SnoN, but not that of Smad2. Thus Smurf2 is thought to enhance TGF-β signals under certain conditions. However, we showed that NEDD4-2 failed to induce ubiquitin-mediated degradation of SnoN ( Figure 5B ), although NEDD4-2 bound strongly to SnoN via Smad2. These data suggest that NEDD4-2 functions through similar, but not identical, mechanisms to Smurf2.
In conclusion, we identified NEDD4-2 as a new member of the Smurf-like C2-WW-HECT-type E3 ubiquitin ligases that negatively regulates TGF-β superfamily signalling. Like Smurf2, NEDD4-2 induces ubiquitin-dependent degradation of Smad2 and TβR-I, whereas, in contrast with Smurf2, NEDD4-2 fails to degrade SnoN. Overexpressed NEDD4-2 suppresses transcriptional activities induced by the TGF-β superfamily members, whereas silencing of the NEDD4-2 gene by siRNA for NEDD4-2 results in enhancement of signalling by TGF-β and BMP. Notably, expression profiles of NEDD4-2 and Smurf2 are distinct in some human tissues. Moreover, NEDD4-2 is overexpressed in several carcinoma cell lines, including TGF-β-resistant HT-29 colon cancer cell line and MKN-1/-28 gastric cancer cell lines [36 -38] . Overexpression of NEDD4-2 might result in resistance to growth inhibition by TGF-β. It will be important to determine in the future how the degradation of R-Smads and TβR-I by NEDD4-2 is regulated under physiological and pathological conditions. Quantitative real-time PCR analyses were performed using various human tissues (A) and human cancer cell lines (B). Expression levels of mRNA for NEDD4-2 and/or Smurf2 were examined, and normalized to the amounts of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA, and results are given in arbitrary units.
